Batholiths from the accreted terranes in the Urals were generated by repeated episodes of melting and intrusion. Verkhisetsk, the largest and one of the most complex subduction-related batholiths from the Urals, comprises an outer envelope of older tonalites, trondhjemites and granodiorites dated at 315-320 Ma and equilibrated at 6 kbar, intruded by an inner core of younger granodiorites, adamellites and granites dated at 275-290 Ma and equilibrated at 4 kbar. Older rocks have a high-A1 "VI'D/adakite chemistry, _320Ma/~r.~x ~ 2--5, and initial 87Sr/86Sr ~,~ 0.7043, with pronounced lateral ~chur ~I~U) zoning marked by the increase of LREE/HREE, Cr, Ni, and Mg eastwards. They were originated by melting of metabasalts in a subducted slab of young hot oceanic lithosphere with a temperature/depth trajectory that intersected the garnet-in univariant at ~1050°C and 13 kbar, thus causing the lateral zoning. We believe that such a 'warm' trajectory can be attributed to the oblique subduction of a young lithosphere. Younger rocks range from Na-rich metaluminous granodiorites to K-rich peraluminous two-mica granites with relict epidote crystals, and have almost the same isotopic signature as older rocks, from which they were generated by anatexis as a consequence of a melting event that occurred throughout the Urals at 275-290 Ma and produced most of the huge continental-type batholiths on the eastern side. This melting event is tentatively supposed to be the result of underplating by mafic magmas, which also caused the growth of the Urals crust from the Moho downwards until it reached the increased thickness revealed by seismological studies.
Introduction
The Urals orogen has abundant granite rocks organized in medium-sized batholiths with a section either roughly circular or, more commonly, elongated N-S (Fig. 1) . Urals granitoids show strong W-E polarity, from subduction-related batholiths in the accreted terrains in the west, to continental-type trusion pulses clearly separated in time, together with the close spatial relationship with the Main Uralian and Serov-Mauk sutures as well as with other large-scale shear zones ( Fig. 1 ) make these batholiths potentially useful markers for unravelling the tectono-magmatic evolution of the Urals. This paper is mainly based on Verkhisetsk, the largest and one of the most complex subductionrelated batholiths in the western Urals. We present here the results of several years of joint research aimed at understanding the anatomy, genesis and evolution of this batholith, emphasizing first those aspects which are specially relevant for ascertaining the nature of source materials, and then the time and pressure/temperature conditions of the main melting and crystallization events. These results are then situated within the regional framework, discussing what constraints they place on our current understanding of the Urals collisional orogen.
Analytical methods
We studied more than 200 fresh samples representing all the lithotypes in the Verkhisetsk batholith. Samples were crushed to a grain size of less than 5 mm in a crusher with hardened steel jaws. Analytical powders were obtained by grinding about 50 g/sample of crushed rock in an agate jar. Major-element determinations were done by XRF at the IGG (Ekaterinburg) after fusion with lithium tetraborate. Typical precision was better than 1.5% relative for an analyte concentration of 10 wt.%. Trace-element determinations were done at the Univ. of Granada by ICP-Mass Spectrometry (ICP-MS) after HNO3 + HF digestion of 0.1000 g of sample powder in a Teflon-lined vessel at high T and P, evaporation to dryness, and subsequent dissolution in 100 ml of 4 vol.% HNO3. Instrumental measurements were carfled out in triplicate with a PE SC1EX ELAN-5000 spectrometer using Re and Rh as internal standards. Precision (2cr) was about +3% and ±8% rel. for analyte concentrations of 50 and 5 ppm, respectively. 87Sr/86Sr and 143Nd/144Nd analyses were done at the Univ. of Granada using a Finnigan MAT 262 RPQ spectrometer after separation by ion-exchange resins using conventional methods. External precision (2tr) measured in ten replicates of the standard WS-E (Govindaraju et al., 1994) was about 4-0.003 rel.% for 87Sr]86Sr and ±0.0026 rel.% for 143Nd]144Nd. 87Rb/86Sr and 147Sm]144Nd analyses were done directly by ICP-MS, with an external precision (20) better than 4-1.2 rel.% and ±0.8 rel.%, respectively. Single zircon grain evaporation analyses (for the Dzyabyk batholith) were done at the same laboratory following the method by Kober (1986 Kober ( , 1987 . Major-element analyses of minerals were obtained by wavelength dispersive analyses with a CAMECA electron microprobe at the Univ. of Granada using synthetic standards. Accelerating voltage was 15 kV and sample current was 15 nA. Precision was about ±1.5% rel. for 1 wt.% of analyte.
The Verkhisetsk batholith

Field relations and age
The Verkhisetsk batholith is elongated N-S, is ~100 km long and ~25 km wide, and is placed between the Serov-Mauk (west) and Ekaterinburg (east) shear zones (Figs. 1 and 2) intruding middle-Palaeozoic metavolcanic rocks. Roughly, the Verkhisetsk batholith (Fig. 2 ) may be regarded as comprising an outer envelope --composed of older, coarse-grained, strongly deformed tonalites, trondhjemites and granodiorites --intruded by an inner core composed of younger, fine-grained, undeformed granodiorites, adamellites and granites with abundant dyke swarms of leucogranites, aplites, and pegmatites, which in some places may form up to 50% of the total rock volume. Younger rocks usually have sharp intrusive contacts with older rocks, although gradational contacts and migmatite-like relationships, consisting of stromatic structures formed by leucosome veins of younger rocks within a mesosome of older rocks, are also common. Younger rocks frequently contain rounded and partially assimilated enclaves of older rocks.
Two Rb-Sr isochrons made on older rocks from the Tavatui and Isetsk units (see Fig. 2) give ages of 316 4-6 and 320 -4-12 Ma with initial 87Sr/86Sr ratios of 0.70435 + 0.00002 and 0.70426 ± 0.00003, respectively (Fig. 3) . Two isochrons on younger rocks, one made on massive granites and granodiorites from the Ayat unit, and the other made on autochthonous granites from the Severka unit, give ages of 276 -t-5 Ma and 284 -t-16 Ma, respectively, with initial 87Sr/86Sr ratios of 0.70437 + 0.00003 and 0.704278 4-0.00006, respectively (Fig. 3) . On the 143Nd/144Nd vs. 147Sm/144Nd diagram older rocks fit quite well to the 320 Ma isochron reference line (Fig. 4) . The picture for younger rocks, however, is more complicated. Some of them fit the same line as older rocks, others fit the 280 Ma reference isochron, but others definitely have abnormally lower 143Nd/la4Nd values. To discuss this effect in detail is beyond the scope of this paper, but it is probably related to the inheritance of restitic components, especially epidote and allanite, as well as to the elevated post-magmatic mobility of REE which characterizes most Verkhisetsk rocks, above all the younger ones (Bea, 1996) .
If field relations, petrographic and geochemical similarities, and the results of isotopic dating are considered together, it appears that older rocks were formed at ~315-320 Ma, whereas younger rocks were formed at 275-285 Ma, with no detectable magmatic activity in the interval from ~315 Ma to ~285 Ma.
Petrography and mineralogy
Older rocks are mainly tonalites, trondhjemites, and granodiorites ( Fig. 5) (Table 2) , but with greater abundance of K-feldspar and secondary REE-carbonates such as parisite and bastnaesite either replacing allanite or rimming epidote crystals (Bea, 1996) . Most younger granites, however, are peraluminous and have primary phengitic muscovite (t°talA1 ~ 3.89 to 4.59 a.f.u., M 2+ ~ 0.98 to 2.77 a.f.u.; Si ~ 6.09 to 6.53 a.f.u.), always subordinated to aluminous biotite (IVAl ~ 2.47 to 2.57 a.f.u.; Mg/[Mg+Fe 2] ~ 0.55 to 0.60), and contain no calcic amphibole. Remarkably, these two mica granites also contain large magmaticlooking epidote crystals with the same composition as in metaluminous rocks (XPist -~ 0.23 to 0.25), commonly rimmed by biotite or, more often, by secondary muscovite.
Geothermobarometry
The application of the edenite-tremolite-plagioclase geothermometer (Holland and Blundy, 1994) gives average values of 743°C and 730°C for older and younger rocks, respectively. Since the difference between these values is less than the inherent error of Crosses: younger rocks. Note how older samples fit the 320 Ma isochron reference line, whereas younger rooks present notable dispersion. This is attributed to the effect of REE-rich accessory minerals and the high mobility of REE during post-magmati¢ stages which ted to the formation of abundant secondary REE-carbonates.
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Fig. 5. Or-Ab-An plot for Verkhisetsk samples. Fields are those established by Barker (1979) . Crosses: Tavatui-type older rocks. Dots: eastern-type older rooks. Squares: younger rocks. Structural formulae for amphiboles were calculated following the method from Holland and Blundy (1994) . Structural formulae for micas were calculated on 22 oxygens assuming a constant ratio Fe203/FeO ---0.3. Structural formulae for epidote were calculated on 12.5 oxygens.
the geothermometer (+30°C) we conclude that crystallization temperatures for Verkhisetsk rocks was almost constant, corresponding to that of a granitic melt fairly rich in water (~8 wt.%, see Holtz and Johannes, 1994) . The similarity in crystallization temperatures as well as the suitability of the mineral assemblage permits use of the AMn-horublende geobarometer (Schmidt, 1992; Anderson and Smith, 1995) , which gives the following results ( Fig. 6 ): Rocks from the Tavatui unit (see Fig. 2 ) show unimodal distribution of pressure values, with an average near 6 kbar. All other studied samples show bimodal distribution, with two modes placed near 6 and 4 kbar, respectively. The difference between older rocks other than Tavatui and younger rocks resides in the relative importance of these modes. Older rocks always have the most intense mode at 6 kbar, whereas younger rocks have it at 4 kbar. The meaning of such a bimodal distribution of pressure is discussed below.
Whole-rock geochemistry: the existence of three rock-series
Major-and trace-element compositions of Verkhisetsk rocks (Table 2 ) reveal the existence of three rock-series, two composed by older rocks and one by younger rocks.
All older granitoids are Na-rich and K-poor ( Fig. 5 ) and have a chemical composition similar to that of the Archaean high-Al TTD (tonalite-trondhjemite-dacite) or recent adakite series Drummond and Defant, 1990; Drummond et al., 1996) (Fig. 7) . Despite these similarities, it is possible to recognize a sharp separation (Figs. 8 and 9) in the composition of older rocks or Severka units located eastwards (see Fig. 2 ), hereafter named collectively eastern-type rocks. Tavatui rocks have high Ca, but low K, Mg, Cr, Ni and Mg number contents (Fig. 8) , and their chondrite-normalized REE patterns are flatter, with significantly lower LREE/HREE fractionation (Fig. 9) . The significance of these features will be discussed below. The composition of younger rocks varies between two extremes, from Na-rich granodiorites to normal or K-rich granites. The less silicic varieties (SiO2 < 68 wt.%) match almost exactly the composition of the eastern-type older rocks with the same silica contents. The most silicic varieties, however, become progressively peraluminous and are enriched in K and incompatible elements such as Rb, Pb, Nb, Ta, Th, U, etc. Ba increases with the silica content up to SiO2 ~ 72 wt.%, and from this value onwards is progressively depleted, indicating K-feldspar fractionation, something which did not happen during the evolution of older rocks (Fig. 10) . Some of the younger leucogranites have chondrite-normalized REE patterns with positive Eu anomalies (Fig. 9) dicating that they consist of anatectic mobilizates having feldspars as the only REE carriers (Bea et al., 1994; Bea, 1996) . In the Schurt VS. Eurt diagram (Fig. 11 ) all studied samples plot very close to each other, and define a field above the mantle array --within quadrant I very close to the boundary with quadrant II --thus indicating that 875r]86Sr initial ratios are somewhat elevated in relation to 143Nd/144Nd initial ratios. This feature is quite common in volcanic rocks from island arcs and has been interpreted as being due to contamination of the subducted oceanic crust with Sr from sea water (see Faure, 1986, p. 227 , and references therein).
Discussion
Petrogenesis
Older rocks.
Strontium and neodymium isotopic data, as well as the high-A1 TrD/adakite chemistry of older rocks suggest that they crystallized from magmas produced by partial melting of metabasalts at fairly high pressure (e.g. Beard and Lofgren, 1991; Rapp and Watson, 1995) . This situation may be reached either in a subducted slab Drummond and Defant, 1990; Peacock et al., 1994; Drummond et al., 1996) or in the lower crust (Barnes et al., 1996) , producing asymmetrically or concentrically zoned batholiths, respectively. In the Verkhisetsk batholith, the existence of marked magmatic W-E polarity as well as the close spatial relationship to the Serov-Mauk suture clearly favour the idea that the protolith was a subducted slab of oceanic lithosphere. This notion is also consistent with the above-mentioned enrichment in radiogenic Sr, attributable to the interaction of sea water with the subducted oceanic crust.
The pronounced lateral zoning of the Verkhisetsk batholith gives further information about melting conditions. Rocks from the Tavatui unit have: (1) the flattest REE chondritic patterns, with lower LREE but higher HREE contents (Fig. 9) ; (2) dramatically 
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SiO2 (wt.%) Fig. I0 . Ba vs. SiO2 plot for Verkhisetsk rocks. Note the contrasting picture between younger and older rocks. The negative trend shown by some silicic younger rocks is due to K-feldspar fractionation.
lower Cr and Ni contents and Mg number values (Fig. 8 ) than all other older rocks to the east. The first feature suggests that Tavatui-type magmas did not leave garnet as a residual phase, whereas eastern-type magmas did and therefore the garnet-in univariant marked the boundary between their respective generation loci within the subducted slab. Recent experimental work about dehydration melting of metabasalt (Wyllie and Wolf, 1993; Rapp and Watson, 1995) (Fig. 12) indicates that at 1000°C the garnet-in univariant is placed at approx. 13 kbar, and that just below this univariant and inside the amphibole stability field the melt fraction at 1000-1050°C is as high as 25-30%, enough to permit melt segregation (Rushmer, 1995; Wolf and Wyllie, 1995) . We therefore suggest that melting conditions for Tavatuitype rocks were near 1000-1050°C and 12-13 kbar, Temperature -°C Fig. 12 . Inferred loci for the generation of Tavatui-type and eastern-type older rocks within the P-T field. Phase relationships were taken from Wyllie and Wolf (1993) and Rapp and Watson (1995) .
slightly below the garnet-in univariant (Fig. 12 , locus 1). Given the close spatial position and identical age, eastern-type magmas were obviously generated on the same geotherm but slightly above the garnet-in univariant, near 1050-1100°C and 13-14 kbar (Fig. 12, locus 2 ). The differences in Cr, Ni, and Mg contents suggest that the intensity of the magma-mantle interaction increased eastwards (see Drummond et al., 1996) , thus indicating that the temperature of the asthenospheric wedge above the melting slab also increased, which is consistent with the above idea of increasing depth of magma generation eastwards.
Younger rocks
The existence of migmatite-like structures as well as the abundance of enclaves of older rocks with different stages of assimilation indicate that younger rocks were produced by anatexis of older rocks.
The bimodality revealed by the Al-in-hornblende geobarometer is also consistent with the idea of a partial melting episode affecting older rocks to produce the younger ones. In principle, older rocks seem to have been equilibrated at ~6 kbar (Fig. 6 , see Tavatui unit), whereas younger rocks appear to be equilibrated at 4 kbar. In those places where the intensity of partial melting was low and the unsegregated melt crystallized in situ, a small mode at ~4 kbar appears superimposed on the ~6 kbar mode (Fig. 6, see Fedkovsk unit) . In the same way, the existence of poorly equilibrated restitic material inside younger rocks is revealed by the appearance of the small mode at ~6 kbar superimposed on the most intense 4 kbar mode. Additional evidence on the existence of restitic material from older rocks inside younger rocks comes from the presence of large and partially disequilibrated epidote crystals within peraluminous two-mica granites, from which epidote obviously cannot crystallize. The abundance of oscillatory zoned allanite inclusions as well as a chemical composition identical to that of epidote from older rocks --in the range Pist25 to Pist29, characteristic of magmatic epidote, see Vyhnal et al. (1991) and references therein --are strong reasons to suppose that they could represent inherited crystals.
Major-, trace-element, and isotope geochemistry also support the idea that older rocks were the source for younger rocks. The composition of the less silicic younger rocks is indistinguishable from those of older rocks with similar silica content, probably due to poor efficiency of melt-restite segregation. The composition of the most silicic younger rocks, however, becomes increasingly potassic and peraluruinous as silica increases. This effect could be due either to low-pressure magmatic differentiation of anatectic melts involving amphibole fractionation, or by the segregation of low melt fraction magmas with Q--Or-Ab composition near the 'ternary minimum' which were enriched in alumina by the effect of reequilibration of restitic amphibole at lower pressure. Fractionation patterns of Ba (Fig. 10) as well as the variable sign of the Eu anomaly (Fig. 9) suggest that both mechanisms were active. The great abundance of dykes and the homogeneous undeformed fabric of younger rocks indicate that they were generated during an extensional, or at least non-compressional, episode.
Regional implications
Elevated thermal regime in the subducted slab
The above-inferred thermal regime for the generation of older rocks implies a temperature of ~IO00°C at ~50 km depth, corresponding to a 'warm' geotherm of ~20°C/km. Several authors have shown that the temperature/depth trajectory in a subduction zone depends mainly on the age of the incoming lithosphere, the amount of previously subducted lithosphere, the vigour of convection in the mantle wedge induced by the subduction slab, the convergence rate and, to a lesser extent, the existence of high rates of shear stress (Peacock, 1990; Dumitru, 1991; Cloos, 1993; Peacock et al., 1994) . According to these authors, such a 'warm' thermal regime may be caused by two mechanisms that are not mutually exclusive: the subduction of a young lithosphere or highly oblique convergence involving slow subduction and high shear stresses. The geometry of large-scale shear zones in the central Urals (Fig. 1) suggests that oblique convergence existed but, according to available numerical modelling of shear heating (Peacock et al., 1994) , it is unlikely to have produced temperatures of ~I000°C at 12 kbar by itself. We therefore suggest that the inferred thermal regime for Verkhisetsk also required the subduction of a young lithosphere, which might have been generated by back-arc spreading during Early Carboniferous stages of the Urals collision.
The significance of the melting event at 275-290 Ma
Granites with an age of 275-290 Ma are extraordinarily abundant throughout the Urals. In the east, most big batholiths appear to be of this age. 2°7pbfl°Tpb single-zircon grain dating of Dzyabyk, for example, gave an age of 292 Ma (unpublished). Reported Rb-Sr ages for Mochagui, Murcinka, etc. are in this range (see compilation in Fershtater et al., 1994) . In the west, where subduction-related batholiths predominate, the melting event at 275-290 Ma is represented by the partial melting of older batholiths and the appearance of younger rocks as described above for Verkhisetsk.
The interpretation of this melting event is not clear. On one hand, the small pressure variation recorded by Verkhisetsk rocks (from 6 kbar to 4 kbar) precludes decompressional melting. On the other hand, the low amount of heat-producing elements in the Urals crust (Fershtater et al., 1997 , and unpublished data) also precludes melting related to the accumulation of radiogenic heat in a overthickened crust. It seems therefore that the melting event at 275-290 Ma required an input of energy from below. One key point to understanding in what way the heat for melting was supplied to the lower crust could come from the fact that the depth of the Moho beneath the Urals is currently placed at a depth of ~50 km (Thouvenot et al., 1995) . Since we cannot expect the Urals island arc crust to be significantly thicker than recent island arcs (20-30 km, Tanimoto, 1995) , it is logical to suppose that the Urals crust grew from the Moho downwards, with the most feasible mechanism being the repeated underplating by mafic magmas. Once heat was available, the fertile nature of the eastern crust, with a significant quartz-feldspathic component, produced abundant continental-type granite batholiths. In the west, the low fertility of the western crust, mostly formed by metabasalts, restricted the generation of granites to the reactivation of former batholiths.
Conclusions
The Verkhisetsk batholith is composed of older rocks, with an age of 315-320 Ma, and younger rocks with an age of 275-285 Ma. Older rocks have high-Al TTD/adakite chemistry and Sr and Nd isotopic signatures indicating they were generated by melting of metabasalts in a subducted slab at P-T conditions crossing the garnet-in univariant, about 1000-1050°C and 12-13 kbar for westernmost rocks (below garnet-in) and 1050-110(PC and 13-14 kbar for eastemmost rocks (above garnet-in). This elevated thermal regime is a consequence of the oblique subduction of a young lithosphere. The Serov-Mank suture and the Ekaterinburg shear zones were active during the emplacement of older rocks, which took place at a depth of 20-25 km (~6 kbar).
Younger rocks were generated by remelting of older rocks and crystallized at ~.4 kbar. The composition of rocks varies from Na-rich granodiorites, almost indistinguishable from older rocks, to peraluminous K-rich leucogranites containing relict epidote crystals. The chemistry of younger rocks is the result of the combined action of the segregation of low-melt fraction magmas and magmatic fractionation. The remelting of older rocks is a consequence of a melting event at 275-290 Ma that occurred throughout the Urals. This melting event is tentatively supposed to be the result of underplating by mafic magmas, which also produced the growth of the Urals crust from the Moho downwards until reaching the increased thickness revealed by seismological studies.
